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Abstract 
Iron is an essential nutrient for phytoplankton. Although iron-containing dust mobilized from arid regions supplies the 
majority of the iron to the oceans, the key flux in terms of the biogeochemical response to atmospheric deposition is the 
amount of soluble or bioavailable iron. Atmospheric processing of mineral aerosols by anthropogenic pollutants (e.g. 
sulfuric acid) may transform insoluble iron into soluble forms. Previous studies have suggested higher iron solubility in 
smaller particles, as they are subject to more thorough atmospheric processing due to a longer residence time than 
coarse particles. On the other hand, the specific mineralogy of iron in dust may also influence the particulate iron 
solubility in size. Compared to mineral dust aerosols, iron from combustion sources could be more soluble, and found 
more frequently in smaller particles. Internal mixing of alkaline dust with iron-containing minerals could significantly 
reduce iron dissolution in large dust aerosols due to the buffering effect, which may, in contrast, yield higher solubility 
in smaller particles externally mixed with alkaline dust (Ito and Feng, 2010). Here, we extend the modeling study of Ito 
and Feng (2010) to investigate atmospheric processing of mineral aerosols from African dust. In contrast to Asian dust, 
we used a slower dissolution rate for African dust in the fine mode. We compare simulated fractional iron solubility 
with observations. The inclusion of alkaline compounds in aqueous chemistry substantially limits the iron dissolution 
during long-range transport to the Atlantic Ocean: only a small fraction of iron (<0.2%) dissolves from illite in coarse-
mode dust aerosols with 0.45% soluble iron initially. In contrast, a significant fraction (1–1.5%) dissolves in fine-mode 
dust aerosols due to the acid mobilization of the iron-containing minerals externally mixed with carbonate minerals. 
Consequently, the model generally reproduces higher iron solubility in smaller particles as suggested by measurements 
over the Atlantic Ocean. Our results imply that the dissolution of iron in African dust is generally slower than that in 
Asian dust. Conventionally, dust is assumed as the major supply of bioavailable iron with a constant solubility at 1–2% 
to the remote ocean. Therefore, the timing and location of the atmospheric iron input to the ocean with detailed 
modeling of atmospheric processing could be different from those previously assumed. Past and future changes in 
aerosol supply of bioavailable iron might play a greater role in the nutrient supply for phytoplankton production in the 
upper ocean, as global warming has been predicted to intensify stratification and reduce vertical mixing from the deep 
ocean. Thus the feedback of climate change through ocean uptake of carbon dioxide as well as via aerosol-cloud 
interaction might be modified by the inclusion of iron chemistry in the atmosphere. 
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1. Introduction 
Iron (Fe) is an essential nutrient for life. It is widely known that biological primary productivity is 
limited by the bioavailable iron in significant portions of the surface ocean, particularly in the high nitrate, 
low chlorophyll (HNLC) regions (Martin et al., 1994; Mills et al., 2004). A lack of the nutrient (Fe) 
limitation in an integrated Earth system model might result in overestimation of chlorophyll concentration 
in the HNCL regions and thus the production of carbon-containing aerosols from the ocean biomass, which 
is hypothesized to influence climate change via aerosol-cloud interaction (O'Dowd et al., 2004; Ito and 
Kawamiya, 2010). 
The iron-containing soil in arid regions primarily presents Fe in an insoluble form. Since most 
photosynthetic aquatic organisms can take up iron only in the dissolved form, a key flux in terms of the 
biogeochemical response to atmospheric deposition is the amount of soluble iron (Fung et al., 2000; 
Jickells et al., 2005; Baker and Croot, 2008; Mahowald et al., 2009). Atmospheric processing of mineral 
aerosols by anthropogenic pollutants may transform insoluble iron into soluble forms (Zhu et al., 1992; 
Zhuang et al., 1992; Meskhidze et al., 2003). The solution on the particle surface may become highly acidic 
due to atmospheric processing of mineral aerosols by sulfuric acid formed from the oxidation of SO2 
(Sullivan et al., 2007). High proton (H+) concentrations can destabilize Fe–O bonds in the iron oxides 
(Fe2O3), and thus facilitating dissolution at low pH regimes. 
Previous studies have suggested higher iron solubility in smaller particles (Siefert et al., 1999; Hand et 
al., 2004; Baker and Jickells, 2006). Smaller particles could go through more thorough chemical processing 
due to a longer residence time in the atmosphere, which in turn results in higher solubility (Zhuang et al., 
1992; Hand et al., 2004). Hand et al. (2004) examined two hypotheses of soluble iron enhancement by 
photo-reduction reactions and cloud processing in the atmosphere using a global model of mineral aerosols. 
However, neither method reproduced the higher iron solubility in smaller particles quantitatively, 
suggesting that other processes are important. 
It has been proposed that smaller dust particles may yield higher percentages of soluble iron relative to 
larger particles due to possible variations in chemical mixing state of alkaline dust with iron-containing 
minerals as a non-linear function of particle size (Ito and Feng, 2010). The mineralogy of iron influences 
the particulate iron solubility and may contribute to the size dependence of the dissolved iron-rich dust 
(Cwiertny et al., 2008; Journet et al., 2008; Schroth et al., 2009). Here, we extend the study by Ito and Feng 
(2010) to investigate the fractional iron solubility in African dust. We examine the sensitivity of the soluble 
iron in the numerical simulations as well as comparisons of the model results with observations. 
2. Model and experiments  
The atmospheric transport model used in this study is an aerosol chemistry version of the Integrated 
Massively Parallel Atmospheric Chemical Transport (IMPACT) model (Rotman et al., 2004; Liu et al., 
2005; Feng and Penner, 2007; Ito et al., 2007, 2009; Ito and Feng, 2010). The model is driven by 
assimilated meteorological fields for the year of 2001 from the Goddard Earth Observation System (GEOS) 
of the NASA Global Modeling and Assimilation Office (GMAO). Simulations were performed at a one-
hour temporal resolution on a horizontal resolution of 2.0° × 2.5° with 48 vertical layers after a 2-month 
spin-up. Emissions of primary particles and precursor gases, chemistry of gas-phase, heterogeneous, and 
aqueous-phase reactions including mineral dissolution scheme, dry and wet depositions, are simulated. We 
combine the soluble iron for fine particles from aluminosilicate-rich dust (Exp1), that for coarse particles 
from calcite-rich dust (Exp2), and that for both fine and coarse modes of combustion emissions to 
investigate the dissolved iron from African dust. We use 0.45% and 4% soluble iron fractions for the dust 
and combustion sources at the initial conditions, respectively (Luo et al., 2008). 
Sullivan et al. (2007) found that the submicron dust particles, which were likely associated with 
aluminosilicate- and iron-rich dust, could become very acidic due to mixing with sulfuric acid during the 
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early stage of the transport. In the model simulations for the fine mode of mineral dust (aluminosilicate-rich 
dust), dust without carbonate minerals reacts preferentially with sulfate condensed on the particle surface. 
Thus the dust particles could become acidic particularly during the early stage of the transport. The iron 
content in this type of dust aerosol may be associated with “structural iron,” which is trapped in the crystal 
lattice of aluminosilicate minerals, and potentially represents a significant source of soluble iron in acidic 
environments (Cwiertny et al., 2008; Journet et al., 2008; Schroth et al., 2009).  
The soluble iron-containing mineral in dust aerosols is simplified as illite, same as in Exp3 and Exp4 in 
Ito and Feng (2010), in which the abundance of illite in dust (45%) is taken from mineral composition of 
African dust (Journet et al, 2008).  Fig. 1 illustrates the iron dissolution scheme as described in our model. 
McNaughton et al. (2008) and Fairlie et al. (2009) have argued that dust does not acidify in the free 
troposphere except for submicron particles with much lower initial alkalinity. In the simulations for the 
coarse mode of mineral dust (calcite-rich dust), carbonate dust minerals (MeCO3, Me = Ca and Mg) react 
with inorganic acids (H2SO4, HNO3, and HCl) from the air pollution, and form thermodynamically more 
stable materials (MeSO4, Me(NO3)2, and MeCl2). Thus, the dust alkalinity reservoir is able to buffer the 
acidity linked to anthropogenic emissions in the long-range transport.  
Iron from combustion sources could have a pronounced impact on aerosol iron solubility in addition to 
mineral dust aerosols (Chuang et al., 2005; Luo et al., 2008; Schroth et al., 2009). We assume that iron 
from combustion sources is associated with a labile chemical form in circumneutral solutions, and the iron 
on the particle surface is readily released into solutions (Schroth et al., 2009). The fine iron particles from 
combustion sources are transported similar to black carbon in the model, while the distribution of large 
particles is treated here as a single particle mode (i.e., similar to the coarse dust aerosol mode). 
3. Iron Solubility  
Compared to the simulations without alkaline dust (Exp1 in Fig. 2), the model simulations demonstrate a 
substantial reduction in the dissolved iron fraction (DIF) in African dust when aerosol carbonate chemistry 
is included (Exp2 in Fig. 2). Here, the DIF in dust (%) was calculated using the total iron concentration 










Fig. 1. Schematic of the iron dissolution scheme (left for the fine mode and right for the coarse mode). The width of the arrow 
indicates the relative concentration of species. 
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and sulfur source regions. When aerosol carbonate chemistry is included (Exp2), however, the calcite-rich 
dust does not acidify near the dust source regions due to the buffering ability of carbonate minerals. Thus 
the iron-containing mineral aerosols in Exp1 dissolve faster than those in Exp2. 
The onboard cruise measurements have reported that smaller particles yield higher iron fractional 
solubility during summer time over the Atlantic Ocean (27 June 2001 to 15 August 2001) (Chen and Siefert, 
2003). Similarly, our model simulates the iron fractional solubility for the fine mode higher than that for the 
coarse mode daily averaged over the cruise tracks (Fig. 3). When the buffering ability of alkaline dust is 
neglected (Exp1), good agreement is obtained for the fine mode (1.2% vs. 2.2 ± 7.1%). However, the model 
does not capture the overall variability in daily aerosol concentration observed by Chen and Siefert (2003). 
It may suggest that the spatial variation in iron mineralogy needs to be considered, or that other processes 
are important. We note that the observed variability over the Atlantic Ocean is larger than that over the 
Pacific Ocean (1.7 ± 0.8%) (Chen and Siefert, 2003; Hand et al., 2004). When the alkaline dust chemistry is 
included (Exp2), the model estimate of the iron fractional solubility for the coarse mode is in good 
agreement with measurements (0.5% vs. 0.3 ± 0.7%), both of which indicate the moderate iron dissolution 
from dust aerosols. The baseline of the model is higher than the measurement, because we use higher 
(0.45%) soluble iron fraction for the dust at the initial conditions. These results may support the hypothesis 
by Ito and Feng (2010) that smaller dust particles may yield increased fractions of soluble iron relative to 
larger particles as a result of possible variations in chemical mixing state of alkaline dust with iron-
containing minerals as a non-linear function of particle size. In contrast to Asian dust, we used slower 
dissolution rate for the African dust in the fine mode. Thus out results may imply that African dust 
dissolves slower than Asian dust, which is consistent with Schroth et al. (2009). However, quantitative, 
episodic, and predictive capabilities of the soluble iron simulations still remain challenging. Thus, 
achieving a predictive capability for size-segregated aerosols of soluble iron will require further work 
involving laboratory experiments, modeling, and observations, such as spatial distribution of iron content in 
clays, size distribution data of chemical composition in mineral aerosols, and dissolution rates of iron from 
clay minerals. 
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Fig. 2. Modelled dissolved iron fraction (DIF) in dust (%) in the surface air during July 2001 (top for the fine mode and bottom for the 
coarse mode).
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Fig. 3. Observed (blue) and modeled (red) iron fractional solubility for the fine mode (left) and coarse mode (right). 
4. Summary and Conclusions 
We investigated the impact of alkaline dust on the acid mobilization of iron. In this study, we extend the 
comprehensive modeling study by Ito and Feng (2010) to investigate the dissolved iron from  African dust 
in comparison with Asian dust. We examine the sensitivity of the soluble iron in the numerical simulations 
as well as comparisons of the model with observations. Our results support the hypothesis by Ito and Feng 
(2010). The mixing state of iron-containing aerosols with alkaline carbonate minerals and subsequent 
atmospheric chemical processing of the aerosols resulted in substantial differences in the iron solubility. 
The inclusion of alkaline dust in aqueous chemistry significantly limits the iron dissolution by inorganic 
acids in aerosol solution during the long-range transport.  
Our results suggest that the speciation of ion-containing minerals in the fine mode is important for 
improvement of our ability to estimate the iron fractional solubility in different particle sizes. Thus while 
much of the research on understanding the role of mineral-dust iron in ocean productivity has focused on 
larger dust particles, further work would be required to study the atmospheric processing of mineral 
aerosols for different size modes in conjunction with size-fractionated mineralogy. 
Acknowledgments 
Support for this research was provided to A. Ito by Innovative Program of Climate Change Projection 
for the 21st Century (MEXT) and to Y. Feng by the U. S. Department of Energy, Office of Science, under 
contract DE-AC02-06CH11357, and the Argonne National Laboratory, Environmental Science Division. 
References 
[1] Baker AR, Croot PL. Atmospheric and marine controls on aerosol iron solubility in seawater. Marine Chemistry 
2008;doi:10.1016/j.marchem. 2008.09.003. 
[2] Baker AR, Jickells TD, Mineral particle size as a control on aerosol iron solubility. Geophysical Research Letters 2006;33:L17608, 
doi:10.1029/2006GL026557. 
[3] Chen Y, Siefert R. Determination of various types of labile atmospheric iron over remote oceans. Journal of Geophysical Research 
2003; 108(D24): 4774, doi:10.1029/2003JD003515. 
[4] Chuang PY, Duvall RM, Shafer MM, Schauer JJ. The origin of water soluble particulate iron in the Asian atmospheric outflow. 
Geophysical Research Letters 2005;32: L07813, doi:10.1029/2004GL021946. 
Akinori Ito and Yan Feng / Procedia Environmental Sciences 6 (2011) 27–34 33
[5] Cwiertny DM, Baltrusaitis J, Hunter GJ, Laskin A, Scherer MM, Grassian VH. Characterization and acid-mobilization study of 
iron-containing mineral dust source materials. Journal of Geophysical Research 2008;113:D05202, doi:10.1029/2007JD009332. 
[6] Fairlie TD, Jacob DJ, Dibb JE, Alexander B, Avery MA, van Donkelaar A, Zhang L.. Impact of mineral dust on nitrate, sulfate, 
and ozone in transpacific Asian pollution plumes. Atmospheric Chemistry and Physics 2009;10:3999–4012. 
[7] Feng Y, Penner JE. Global modeling of nitrate and ammonium: Interaction of aerosols and tropospheric chemistry. Journal of 
Geophysical Research 2007;112:D01304, doi:10.1029/2005JD006404. 
[8] Fung IY, Meyn SK, Tegen I, Doney SC, John JG, Bishop JKB. Iron supply and demand in the upper ocean. Global 
Biogeochemical Cycles 2000;14:697–700. 
[9] Hand JL, Mahowald NM, Chen Y, Siefert RL, Luo C, Subramaniam A, Fung I. Estimates of atmospheric-processed soluble iron 
from observations and a global mineral aerosol model: Biogeochemical implications. Journal of Geophysical Research  
2004;109:D17205, doi:10.1029/2004JD004574. 
[10] Ito A, Kawamiya M. Potential impact of ocean ecosystem changes due to global warming on marine organic carbon aerosols. 
Global Biogeochemical Cycles 2010;24:GB1012, doi:10.1029/2009GB003559. 
[11] Ito A, Feng Y. Role of dust alkalinity in acid mobilization of iron. Atmospheric Chemistry and Physics 2010;10:9237–9250. 
[12] Ito A, Sillman S, Penner JE. Effects of additional nonmethane volatile organic compounds, organic nitrates, and direct emissions 
of oxygenated organic species on global tropospheric chemistry. Journal of Geophysical Research 2007;112:D06309, 
doi:10.1029/2005JD006556. 
[13] Ito A, Sillman S, Penner JE. Global chemical transport model study of ozone response to changes in chemical kinetics and 
biogenic volatile organic compounds emissions due to increasing temperatures: Sensitivities to isoprene nitrate chemistry and 
grid resolution. Journal of Geophysical Research 2009;114:D09301, doi:10.1029/2008JD011254. 
[14] Jickells TD, An ZS, Andersen KK, Baker AR, Bergametti G, Brooks N, Cao JJ, Boyd PW, Duce RA, Hunter KA, Kawahata H, 
Kubilay N, laRoche J, Liss PS, Mahowald N, Prospero JM, Ridgwell AJ, Tegen I, Torres R. Global iron connections between 
desert dust, ocean biogeochemistry, and climate. Science 2005;308:67– 71. 
[15] Journet E, Desboeufs KV, Caquineau S, Colin JL. Mineralogy as a critical factor of dust iron solubility. Geophysical Research 
Letters 2008;35:L07805, doi:10.1029/2007GL031589. 
[16] Liu X, Penner JE, Herzog M. Global modeling of aerosol dynamics: Model description, evaluation and interactions between 
sulfate and non-sulfate aerosols. Journal of Geophysical Research 2005;110: D18206, doi:10.1029/2004JD005674. 
[17] Luo C, Mahowald N, Bond T, Chuang PY, Artaxo P, Siefert R, Chen Y, Schauer J. Combustion iron distribution and deposition. 
Global Biogeochemical Cycles 2008;22: GB1012, doi:10.1029/2007GB002964. 
[18] Mahowald NM, Sebastian E, Luo C, Sealy A, Artaxo P, Benitez-Nelson C, Bonnet S, Chen Y, Chuang PY, Cohen DD, Dulac F, 
Herut B, Johansen AM, Kubilay N, Losno R, Maenhaut W, Paytan A, Prospero JM, Shank LM, Siefert RL. Atmospheric iron 
deposition: global distribution, variability, and human perturbations. Annual Review of Marine Science 2009;1: 245–278. 
[19] Martin JH, Coale KH, Johnson KS, Fitzwater SE, Gordon RM, Tanner SJ, Hunter CN, Elrod VA, Nowicki JL, Coley TL, Barber 
RT, Lindley S, Watson AJ, Van Scoy K, Law CS, Liddicoat MI, Ling R, Stanton T, Stockel J, Collins C, Anderson A, Bidigare R, 
Ondrusek M, Latasa M, Millero FJ, Lee K, Yao W, Zhang JZ, Friederich G, Sakamoto C, Chavez F, Buck K, Kolber Z, Greene R, 
Falkowski P, Chisholm SW, Hoge F, Swift R, Yungel J, Turner S, Nightingale P, Hatton A, Liss P, Tindale NW. Testing the iron 
hypothesis in ecosystems of the equatorial Pacific Ocean. Nature 1994; 371:123–129. 
[20] McNaughton CS, Clarke AD, Kapustin V, Shinozuka Y, Howell SG, Anderson BE, Winstead E, Dibb J, Scheuer E, Cohen RC, 
Wooldridge P, Perring A, Huey LG, Kim S, Jimenez JL, Dunlea EJ, DeCarlo PF, Wennberg PO, Crounse JD, Weinheimer AJ, 
Flocke F. Observations of heterogeneous reactions between Asian pollution and mineral dust over the Eastern North Pacific 
during INTEX-B. Atmospheric Chemistry and Physics 2009;9:8283–8308. 
[21] Meskhidze N, Chameides WL, Nenes A, Chen G. Iron mobilization in mineral dust: Can anthropogenic SO2 emissions affect 
ocean productivity? Geophysical Research Letters 2003;30: 2085, doi:10.1029/2003GL018035. 
[22] Meskhidze N, Chameides WL, Nenes A. Dust and pollution: A recipe for enhanced ocean fertilization? Journal of Geophysical 
Research  2005;110: D03301, doi:10.1029/2004JD005082. 
[23] Mills MM, Ridame C, Davey M, La Roche J, Geider RJ. Iron and phosphorus co-limit nitrogen fixation in the eastern tropical 
north Atlantic. Nature 2004;429: 292–294. 
[24] O’Dowd C, Facchini MC, Cavalli F, Ceburnis D, Mircea M, Decesari S, Fuzzi S, Yoon YJ, Putaud JP. Biologically driven 
organic contribution to marine aerosol. Nature 2004;431: 676–680. 
[25] Rotman DA, Atherton CS, Bergmann DJ, Cameron-Smith PJ, Chuang CC, Connell PS, Dignon JE, Franz A, Grant KE, Kinnison, 
DE, Molenkamp CR, Proctor DD, Tannahill JR. IMPACT, the LLNL 3-D global atmospheric chemical transport model for the 
combined troposphere and stratosphere: Model description and analysis of ozone and other trace gases. Journal of Geophysical 
Research 2004;109: D04303, doi:10.1029/2002JD003155. 
[26] Schroth AW, Crusius J, Sholkovitz ER, Bostick BC. Iron solubility driven by speciation in dust sources to the ocean. Nature 
Geoscience 2009;2: 337–340, doi:10.1038/ngeo501. 
[27] Siefert RL, Johansen AM, Hoffmann MR. Chemical characterization of ambient aerosol collected during the southwest monsoon 
and intermonsoon seasons over the Arabian Sea: Labile-Fe(II) and other trace metals. Journal of Geophysical Research 
1999;104: 3511–3526. 
34  Akinori Ito and Yan Feng / Procedia Environmental Sciences 6 (2011) 27–34
34
[28] Sullivan RC, Guazzotti SA, Sodeman DA, Prather KA. Direct observations of the atmospheric processing of Asian mineral dust. 
Atmospheric Chemistry and Physics 2007;7:1213–1226. 
[29] Zhu XR, Prospero JM, Millero FJ, Savoie DL, Brass GW. The solubility of ferric ion in marine mineral aerosol solutions at 
ambient relative humidities. Marine Chemistry 1992;38:91–107. 
[30] Zhuang G, Yi Z, Duce RA, Brown PR.. Link between iron and sulphur cycles suggested by detection of Fe(II) in remote marine 
aerosols. Nature 1992;355: 537–539. 
